Ammonia implanted silicon was performed by using plasma immersion ion implantation (PIII) to form a silicon nitride films. Blood compatibility of the prepared samples was investigated by platelets adhesion testing. It showed less activation i.e. lower thrombosis risks occurs on the prepared silicon nitride films than control silicon sample. The enhanced blood compatibility of the material is attributed to the modified surface properties such as hydrophilicity from thermodynamic adsorption perspective, which is related to surface chemical bonding states achieved by PIII process.
Introduction
Most of biomedical microelectromechanical systems (BioMEMS) are based on silicon integrated circuit technology, and silicon nitride or oxynitride films usually are formed on the surface as protective or functional films, but the biocompatibility of these materials are relatively unknown [1, 2] . Since blood is often the first tissue that contact with the surface of a BioMEMS, a good understanding of the surface blood-compatibility of such silicon-based materials is of importance for invasive applications of the medical devices. We report in this paper our investigations on platelets behaviors on the surface of ammonia implanted silicon, as the platelets adhesion testing is commonly used to evaluate the thrombosis risk of the biomaterials for blood contacting. We synthesize silicon nitride films by plasma immersion ion implantation (PIII) of ammonia as precursor to obtain higher retained doses of nitrogen [3] , and PIII offers also an effective method to produce the films with high adhesion strength due to inherent ion mixing, and as a non-line-of-sight technique, this process is applicable to samples possessing a complex geometry such as mechanical sensing devices [4] .
Methods
Silicon wafers were conducted by plasma immersion ion implantation (PIII) of ammonia and nitrogen. The base pressure in the vacuum chamber was 8×10 -6 Torr. The samples were sputter cleaned for 10 minutes using a 500 W radio-frequency (RF) argon plasma before implantation, a mixture of ammonia and nitrogen (varied by different NH 3 /N 2 flow ratios) was bled into the plasma chamber to a working pressure of about 5.6×10 -4 Torr and the plasma was ignited by 1000 W power of RF source. Implantation was conducted by applying a pulsed voltage of -20 kV, about 2.2×10 6 ion pulses of 30 µs pulse duration were exerted. For comparison, one sample was plasma-implanted with nitrogen without ammonia. The NH 3 and N 2 flow ratio for different samples are summarized in Table 1 . Surface compositions and bonding states of the samples were characterized by XPS( PHI 5600) with a monochromatic Al Kα x-ray source and FTIR (Perkin-Elmer 1600), and hydrophilicity of the surface was measured by water contact angle testing. Platelets adhesion investigation was performed in platelet-rich-plasma (PRP) taken from a adult volunteer, which was incubated at 37°C for 30 min, after rinsing, fixing and drying, the specimens were examined using scanning electron microscopy (SEM). The quantity and morphology of adherent platelets were assessed as parameters for blood compatibility aspect of thrombogenicity. Fig. 1 depicts the XPS spectra of the N 1s photoelectron peaks acquired from the samples. and the elemental compositions determined from the full XPS spectra (O1s, N1s and Si2p) lists in table1. According to XPS results, the nitrogen retained dose increases with the use of the ammonia precursor and that of oxygen changes in an opposite fashion. Oxygen contamination is a very common phenomenon for such vacuum technique, and usually mitigates the efficacy of the nitrogen implantation [3] . According to the binding energy of the N1s, the retained N is predominantly in the Si-N-O configuration with the peak position of 397.6eV for # 0 samples, and is extensively Si-N boding states of 397.2 eV (lower shifted) on A1 and A2 samples [5, 6] . Table 1 . Compositions of the ammonia + nitrogen plasma-implanted silicon wafers as determined by XPS Fig. 1 . High resolution XPS spectra N1s Fig. 2 shows the FTIR absorbance spectra acquired from the plasma ion-implanted samples. A broad absorption band from 780 cm-1 to 1000 cm-1 can be observed in all the samples. They can be deconvoluted into a peak centered at approximately 820 cm -1 corresponding to the asymmetric in-plane Si-N stretching vibration mode, and another one at around 900~1000 cm -1 attributable to Si-N-O [7, 8] .
Results and Discussion
The water contact angle which is an indication of the surface hydrophilic property depends largely on the chemical bonding states on the surface [9] . Fig. 3 shows the water contact angles measured by the sessile drop from our samples, all samples show quite hydrophilic. Sample # 0 exhibits a water contact angle of 40.8 o attributed to the natural silicon oxide on the outmost layer, and samples A1 is most hydrophilic at 31.8 o , but samples A2 (43.7 o ) is more hydrophobic, which can be accounted for by N bonding with excessive hydrogen to form N-H on the surface or longer etching effect. The results of platelets adhesion testing were assessed by the quantity and morphology of adherent platelets as shown in Fig.4 . On the silicon control samples, a large number of platelets are observed and the platelets adherent present obvious aggregation as well as serious pseudopodium. On all nitrogen and ammonia implanted silicon surfaces, there are less platelets aggregations and pseudopodium compared with silicon control sample, and encountered less activation [9] . And A1 shows the least pseudopodium demonstrated by the isolated and nearly round state, indicating lowest extent of platelets activation. The thrombosis is very complex process, and the hydrophilicity has an important effect on platelets activation process, which was considered to be related to fibrinogen conformational change. On a more hydrophobic surface, there might be a stronger interaction between the hydrophobic component of the fibrinogen and surface, triggering the platelets activation thus cascade reactions of thrombosis [10, 11] . This type of interaction is much less significant on a hydrophilic surface. Nevertheless it should be noted that hydrophilicity alone does not dictate blood compatibility as the # A2 present better results than # 0 which is more hydrophilic, hydrophilicity just reveals the important factors derived from the dynamic absorption aspect [12, 13, 14] . The different platelets reactions on the surface might be mainly determined by different bonding states of the silicon nitride/oxide surface, which is not known yet.
Summary
Ammonia and nitrogen implanted silicon by PIII can achieve higher nitrogen retained doses than by nitrogen PIII process, changing the surface compositions, bonding states as well as hydrophilic properties of the silicon surface. The prepared silicon nitride films show lower thrombosis risk than silicon substrate, which is accounted for the surface properties changes obtained from PIII process. The results indicate that the functional silicon nitride films on BioMEMS perform more blood-compatible than the silicon matrix.
